Edited by F. Peter Guengerich CYP121, the cytochrome P450 enzyme in Mycobacterium tuberculosis that catalyzes a single intramolecular C-C crosslinking reaction in the biosynthesis of mycocyclosin, is crucial for the viability of this pathogen. This C-C coupling reaction represents an expansion of the activities carried out by P450 enzymes distinct from oxygen insertion. Although the traditional mechanism for P450 enzymes has been well studied, it is unclear whether CYP121 follows the general P450 mechanism or uses a different catalytic strategy for generating an ironbound oxidant. To gain mechanistic insight into the CYP121catalyzed reaction, we tested the peroxide shunt pathway by using rapid kinetic techniques to monitor the enzyme activity with its substrate dicyclotyrosine (cYY) and observed the formation of the cross-linked product mycocyclosin by LC-MS. In stopped-flow experiments, we observed that cYY binding to CYP121 proceeds in a two-step process, and EPR spectroscopy indicates that the binding induces active site reorganization and uniformity. Using rapid freeze-quenching EPR, we observed the formation of a high-spin intermediate upon the addition of peracetic acid to the enzyme-substrate complex. This intermediate exhibits a high-spin (S ‫؍‬ 5/2) signal with g values of 2.00, 5.77, and 6.87. Likewise, iodosylbenzene could also produce mycocyclosin, implicating compound I as the initial oxidizing species. Moreover, we also demonstrated that CYP121 performs a standard peroxidase type of reaction by observing substrate-based radicals. On the basis of these results, we propose plausible free radical-based mechanisms for the C-C bond coupling reaction.
Mycobacterium tuberculosis causes more deaths annually worldwide than any other known pathogen. As the causative agent of tuberculosis in humans, it is one of the most dangerous and difficult-to-combat bacterial infections. Approximately 10.4 million people suffered from tuberculosis in 2015 with 1.5 million deaths (1) . A primary reason for the effectiveness of the pathogen is the recent development of drug-and multidrugresistant M. tuberculosis strains. Nearly 10% of new infection cases are multidrug-resistant tuberculosis. Resistance to common antibiotics makes treatment very difficult. As the number of strains resistant to frontline drugs grows, pressure is increasing for the identification of potential new targets to combat M. tuberculosis infections and the development of new types of drugs and drug classes (2) .
A significant milestone in the molecular biology of M. tuberculosis was the sequencing of the full genome in 1998. The results revealed a large number of genes encoding for cytochrome P450 enzymes (3) . A total of 20 different P450-encoding genes were found in M. tuberculosis, far more than any previously sequenced bacterial genome at the time. Two P450 enzymes were quickly identified as potential new drug targets, CYP51 and CYP121. CYP51 was found to possess sterol demethylase activity (4 -6) . Initial studies found that both CYP51 and CYP121 had low binding constant values to azole-and triazole-based drugs, with CYP121 having a higher affinity (6, 7) . A knock-out study of rv2276, the gene encoding for CYP121 in M. tuberculosis, highlighted the physiological importance of CYP121 (8) . These findings set the stage for CYP121 as a possible novel target to combat M. tuberculosis infections.
The first breakthrough in the biochemical characterization of CYP121 was the initial determination of the X-ray crystal structure solved at atomic resolution by Munro and co-workers (9) . The structure has allowed for the characterization of various small molecules binding to the enzyme active site. The CYP121 structure has complemented the research approach for finding new azole-based inhibitors and characterizing its interactions with current azole-based drugs (10 -16) . Binding constants for several azole molecules were determined, and these values correspond very closely to minimum inhibition constants against M. tuberculosis, further validating CYP121 as a viable drug target (8) .
The next breakthrough in the study of CYP121 was the report identifying the native substrate. The gene encoding CYP121 in M. tuberculosis was found in an operon-like structure with the gene rv2275 (3, 17) . Characterization of Rv2275 in Escherichia coli revealed that the products were mainly tyrosine-containing cyclo dipeptides, the majority of which were cyclo-(L-Tyr-L-Tyr) (cYY) 3 (18) . At the same time, the crystal structure for CYP121 in complex with cYY was also solved by Belin et al. (19) . Assays conducted on CYP121 utilizing a ferredoxin and ferredoxin reductase system demonstrated that CYP121 catalyzes multiple turnovers of cYY to form mycocyclosin as the single major product in the presence of NADPH (19) . The product exhibits a cross-link between the respective carbons in the ortho position of cYY tyrosine moieties. P450 enzymes are normally known to promote a wide range of catalytic activities of aliphatic and aromatic hydroxylation, dealkylation, desaturation, epoxidation, deamination, dehalogenation, dehydration, and isomerization. The C-C bond formation represents an unusual activity of the P450 enzyme superfamily (20, 21) .
However, important chemical and biological questions remain unanswered regarding CYP121. The mechanism for cross-link formation and the identity of the oxidizing species or the physiological relevance of mycocyclosin are still unclear. A quantum mechanics/molecular mechanics study supports the catalytic mechanism via formation of a diradical intermediate species with the cross-link being formed non-enzymatically in solution (22) . The current work expands on previous research by investigating the reaction pathway of the CYP121 system. CYP121 is uniquely attractive because of the non-canonical P450 chemistry it catalyzes and the question of whether or not it follows the classical mechanism of P450s. The mechanistic question under investigation includes the "short circuit," also known as the catalytic "peroxide shunt" pathway, for the formation of a ferric hydroperoxide adduct complex and the subsequent oxo-ferryl species ( Fig. 1) (23, 24) . Toward this aim, we have carried out rapid kinetics, spectroscopy, and LC-MS analysis to investigate the CYP121 reaction mechanism.
Results

Spectral properties of cYY binding to CYP121
The as-isolated CYP121 exhibits a Soret peak centered at 416 nm. Two absorbance features at 538 and 565 nm in the ␣/␤ region and an additional minor band at 648 nm are also present. CYP121 displays type I characteristic spectral changes in the UV-visible heme Soret spectrum upon binding of cYY ( Fig. 2A) , as is frequently observed in P450 enzymes during the binding of endogenous substrates and xenobiotics (25) . After substrate binding, the Soret peak blue-shifts to 395 nm. However, a significant shoulder peak remains even when saturating concentrations of cYY (400 M, 80:1 ratio of the substrate over enzyme, 20 times the cYY K d value of 21.3 M) (19) were used. This phenomenon has previously been observed among the P450 family as well as in CYP121 (19) . In the ␣/␤ region, additional changes occurred with the loss of the two peaks to generate a new broad feature at 516 nm with shoulders at 541 and 571 nm, whereas the charge transfer peak at 651 nm increased in intensity (19) . The spectroscopic changes observed for substrate binding are summarized in Table 1 . The spin transition was less pronounced when monitored by low-temperature EPR spectroscopy for samples frozen by liquid ethane. The incomplete spin-state conversion most likely originates from the low temperature used in the EPR studies. A slight decrease in the g-anisotropy of the low-spin species and a new high-spin resonance at g ϭ 8 is observed (Fig. 2B ).
Stopped-flow kinetics studies of cYY binding
Stopped-flow experiments to determine the microscopic rate constants (k on and k off ) for cYY binding to Fe(III)-CYP121 were performed by monitoring the formation of the ES complex at 388 nm using a stopped-flow spectrometer. This wavelength was chosen because in the difference spectra, the largest amplitude change is at 388 nm ( Fig. 2C ). Fig. 3A shows stoppedflow time traces varying the [cYY] from 20 to 700 M. Fitting the kinetic traces to single exponential equations resulted in a very poor fit with significant residual amplitudes that show systematic dependence with [cYY] . In contrast, a very good fit was obtained by using a two-exponential equation (Fig. 3A) .
The plots of the observed rates (1/ 1 and 1/ 2 ), from doubleexponential fitting of the [cYY] dependence are shown in Fig.  3B . Whereas 1/ 1 shows linear [cYY] dependence, 1/ 2 shows parabolic concentration dependence, suggesting a stepwise dependence data ( Fig. 3C ), taking both the sum (1/ 1 ϩ 1/ 2 ) and the product (1/ 1 ϫ 1/ 2 ) of the observed reciprocal relaxation times, the microscopic rate constants (k 1 , k Ϫ1 , k 2 , and k Ϫ2 ) can be calculated from the slope and the y intercept from the two graphs (Reaction 1) (26) . The second-order rate constant (k 1 ) of 0.065 Ϯ 0.002 M Ϫ1 s Ϫ1 is fairly low where the initial binding step is slower than both k Ϫ1 and k 2 (k 1 Ͻ k Ϫ1 and k 2 when [cYY] Ͻ 62 M). The reverse rates (k Ϫ1 and k Ϫ2 ) are also on the same order of magnitude and have similar values to k 2 . These suggest a highly reversible system where ES* and ES are in rapid equilibrium.
Reaction 1 shows the proposed multistep mechanism for cYY binding to Fe(III)CYP121, with rate constants obtained from double exponential fitting of stopped-flow data from [cYY] dependence data ( Fig. 3 ).
Transient kinetic studies of the reaction of CYP121 with peracetic acid in the presence and absence of substrate cYY
If CYP121 follows the general cytochrome P450 mechanism, it would be able to generate the enzyme-based key oxidant, compound I, through the well-established peroxide shunt pathway. The peroxide shunt pathway bypasses the need for NAD(P)H and a redox mediator system to supply electrons and protons to the heme-bound O 2 (27-29). Among H 2 O 2 , cumene peroxide, t-butyl peroxide, metachloroperoxybenzoic acid, and peracetic acid (PAA) tried at pH 7.4, only H 2 O 2 and PAA gave significant reactions. Because PAA has the most apparent reaction at lower concentrations during our initial tests, the following work described in this study was mostly focused on PAA. The reaction was initiated by incubating the peroxide oxidant with 5 M CYP121 premixed with cYY to determine whether the shunt pathway would be a viable route to generate the C-C cross-linked product. A parallel experiment was performed in the absence of substrate as a control to assist the identification of the intermediate species.
The enzyme was first preincubated with the substrate (600 M) and subsequently mixed with increasing concentrations of PAA, and the reaction was monitored for 30 s by stopped-flow UV-visible spectroscopy (Fig. 4A ). Over the course of the reaction, the difference spectra show several transitions ( Fig. 4B ). During the first 300 ms, the ES complex absorbance at 395 nm decreases concomitantly with an increase at 427 nm. As the reaction continues, the 395-nm Soret peak of the ES complex continues to decrease while the 427 nm peak increases and red-shifts to 433 nm. Finally, when the reaction proceeds for longer than 10 s, the isosbestic points become less clear, suggesting that heme bleaching becomes a contributing factor in the reaction. Monitoring the reaction rate as a function of PAA concentration allows for the determination of the apparent pseudo-first-order rate constant k obs of (7.2 Ϯ 0.1) ϫ 10 Ϫ4 s Ϫ1 .
For comparison, when the enzyme is reacted with PAA in the absence of substrate, the first 100 ms generate a new intermediate species (Fig. 5A ). The formation of the intermediate species is described by a decrease in the intensity of the Soret peak with an increase in the shoulder peak near 379 nm. Near the ␣/␤ region of the spectra, decreases at 543 and 574 nm are observed with the formation of two minor peaks at 616 and 704 nm. The difference spectra clearly show the formation of a new species. Five isosbestic points at 300, 392, 447, 517, and 584 nm are also observed in the difference spectra ( Fig. 5A, inset) . The clear isosbestic points suggest a direct transition from resting state heme directly to the first intermediate species. From 100 ms to ϳ2 s, a second transition occurs, forming a second intermediate species (Fig. 5B ). This second intermediate is distinct with isosbestic points at 296, 340, 427, and 580 nm. The second intermediate is highlighted by two noticeable absorption changes at 421 and 440 nm, decreasing and increasing, respectively. The final transition occurs from 2 to 20 s of CYP121 reacting with PAA ( Fig. 5C ). The difference spectra contain two prominent peaks centered at 412 nm (increasing) and 440 nm (decreasing) (Fig. 5C, inset) . A complete profile of the transitions observed is compiled in Table 2 . The 433-nm species found in the reaction of ES complex with PAA is not present in the reaction when cYY is absent.
Detection of mycocyclosin from the peroxide shunt pathway
Because the P450 enzyme-mediated C-C bond coupling mechanism has not yet been elucidated, one cannot assume that the shunt pathway in CYP121 will lead to the generation of the reported product. To demonstrate the relevance of PAA as an oxidative source for mechanistic studies, the reaction mixture was characterized by LC-MS. When the substrate was analyzed alone or pairwise in the presence of either PAA or CYP121 only, a single peak elutes with a retention time of ϳ8 min (Fig. 6A ). This peak possesses an m/z of 325, which is the expected value for the cYY substrate ( Fig. 6B ). When all three components, CYP121, cYY, and PAA, are combined and allowed to react (see "Experimental procedures"), the reaction mixture contains new peaks, and the peak with a retention time close to 5 min shows an m/z of 323, which is consistent with the cross-linked mycocyclosin product ( Fig. 6 , C and D). These data demonstrate that CYP121 can utilize the shunt pathway to carry out the C-C cross-linking reaction on cYY and generate mycocyclosin.
Characterization of the shunt reaction by EPR spectroscopy
To gain more insight into the CYP121 cross-linking reaction, rapid freeze-quench EPR samples were made in which CYP121 was rapidly mixed with PAA in either the presence or absence of cYY before quenching in liquid ethane at various time points. The quenching times chosen were guided by our stopped-flow studies described above. When the reaction of the ES complex with PAA is quenched at 5 ms, EPR data reveal a nearly complete disappearance of the ES complex EPR signal (Ն75%). Instead, the EPR spectra from samples trapped at different time points in the millisecond time window show a new high-spin (S ϭ 5/2) ferric heme species with g values of 6.87, 5.77, and 2.00 ( Fig. 7) . When allowed to react for longer times, the high-spin species decreases in intensity (Table 3 ). However, the decay of the high-spin species was not accompanied by regeneration of the low-spin ferric signal. Noticeably, a new EPR-silent heme species was formed during this time. The remaining minor lowspin heme signal also continuously decays during this period. During the same time window, the 427-nm species was devel- oped and shifted to 433 nm in the stopped-flow experiments. The final sample quenched at 10 s after mixing gives a spectrum with no sign of the low-spin heme. The high-spin ferric signal intensity is significantly reduced compared with the 5 ms sample. A new significant portion of adventitious iron, presumably from heme degradation, and a free radical species are observed. Minor EPR species at g ϭ 2 are observed in the samples, but they are unlike any characterized tyrosyl radicals. Thus, the radical species are unlikely to be associated with the cYY reaction but are more likely to be intermediates of side reactions toward heme degradation. When the rapid freeze-quench EPR study was performed with 0.4 mM PAA with more time points in the first 180 s, similar results were obtained (i.e. the formation of the g ϭ 6 species maximizes and then later starts to decay). The only difference is that the g ϭ 6 species is lower in intensity compared with the 10 mM PAA, and the heme-bleaching g ϭ 4.3 signal does not occur at the end of the reaction.
For the reaction of CYP121 alone with PAA, a series of freeze-quench samples were prepared and analyzed by EPR ( Fig. 8) . After quenching at 100 ms, a significant decrease in the low-spin heme signal was observed with the formation of a minor new high-spin species with g values of 6.67, 5.77, and 2.0. This species is distinctly different from the high-spin heme intermediate observed in the reaction of the ES complex with PAA. After reacting for longer times, the 2-s sample resulted in a further reduction of the low-spin heme and a continued increase of the high-spin species. The high-spin heme was present as a heterogeneous species with three peaks featured on the spectral profile. Allowing the reaction to proceed further and quenching at 20 s causes a greater formation of the high-spin species, with the g ϭ 6.67 feature becoming more prominent and distinguished.
The shunt reaction using iodosylbenzene
The oxidant of cYY could be a ferric peroxide intermediate or a compound I species. In fact, the fatty acid peroxide-metabolizing P450s, CYP5, CYP8A, and CYP74, are believed to directly utilize a ferric peroxide to initiate substrate oxidation reactions to generate a compound II and a substrate radical (30 -33) . In C-C bond cleavage reactions catalyzed by 11A1, 17A1, 19A1, Shown are the parameters for the difference spectra obtained from reacting CYP121 and PAA, monitored by stopped-flow UV-visible spectroscopy. Negative peak  Isosbestic point   1  2  3  4  5  1  2  3  4  1  2  3  4   nm  nm  nm   100 ms  379  469  616  704  421  543  574  313  392  601  2 s  318  382  440  535  571  359  421  587  296  340  427  580  20 s  412  495  595  624  681  374  440  538  572  393 and 51A1, the active oxidant has been controversial (34, 35) . Our EPR detection of a ferric intermediate prompted us to consider whether the intermediate is an active species or the precursor of a compound I intermediate, as illustrated in Fig. 1 .
Transition
Positive peak
Following the strategy of the CYP17A1 study by Guengerich and co-workers (34) using iodosylbenzene, we performed a comparative study with PAA under the exact same reaction conditions. Fig. 9 shows that the anticipated product was formed using iodosylbenzene as the oxidant, although additional side products were also produced. This result sheds light on the catalytic mechanism and is in favor of the compound I intermediate as the catalytic oxidant, because iodosylbenzene cannot form a peroxy intermediate. However, such evidence does not preclude the possibility of the ferric peroxide intermediate detected in the PAA reaction being an active species.
The P450 enzyme CYP121 catalyzes a peroxidase reaction
If the cross-linking of cYY is a radical mechanism, then the CYP121-mediated enzymatic action is a peroxidase-like reaction, where two substrate-based radicals would be expected to form by compound I and then compound II in succession. We found that CYP121 is able to perform catalytic turnover of the peroxidase substrate, 2,29-azino-bis(3-ethylbenzothiazoline-6sulfonate) (ABTS) to generate ABTS cation radical ( Fig. 10 ). When the [PAA] is varied the kinetic parameters, k cat and K m , are 4.1 Ϯ 0.1 s Ϫ1 and 1.5 Ϯ 0.1 mM, respectively. Because of the relatively high K m for PAA, the k cat and K m cannot be accurately determined as a function of [ABTS] due to complications of enzyme damage and non-enzymatic reaction between ABTS and PAA at high oxidant concentrations. Nonetheless, the results shown in Fig. 10 show that CYP121 is able to function as a peroxidase and generate substrate-based radicals.
Discussion
In addition to CYP121, several other P450 enzymes have been identified as performing C-C coupling reactions. For instance, the biosynthesis of staurosporine requires an intramolecular C-C bond between two indole rings at the C2 positon and is catalyzed by P450 StaP (36) . In mammals, several P450s are reported to form C-C bonds in the synthesis of salutaridine, a morphine precursor (37, 38) . In plant secondary metabolism, P450 enzymes CYP80G2 and CYP719B1 catalyze intramolecular C-C phenol-coupling reactions (20) . The C-C The resting CYP121 enzyme is present as a heterogeneous low-spin ferric heme species (black trace). CYP121 was mixed in a 1:1 ratio and quenched in liquid ethane after reaction times of 100 ms (navy trace), 2 s (blue), and 20 s (cyan). The reaction generated at least one high-spin species at g ϭ 6.67, 5.77, and 2 that increased in intensity after longer reaction times. EPR spectra were obtained at 5 K, 9.6-GHz microwave frequency, and 1-milliwatt microwave power. mT, milliteslas. 
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bond formation represents a novel and small, but growing, activity of the P450 enzyme superfamily (21) . The work described here represents an initial experimental effort to unveil the C-C bond coupling mechanisms mediated by the P450 enzymes.
Structural reorganization and active site uniformity introduced by substrate binding
The binding of cYY to CYP121 appears to be a complicated multistep process similar to binding studies of other P450 systems (25) . There are several possible models to explain these results. In the first model, the high-spin and two different lowspin states of the heme in the active site have different affinities for the substrate. The second model is that the initial binding of cYY is followed by reorientation of the substrate within the active site. The first model is believed to be an unlikely scenario; whereas the heme is present in two conformations, the overall configuration within the active site is highly conserved before and after binding of substrate. The ligand-free and the substrate-bound active site architectures of the enzyme are nearly identical (9, 19) . The second model is more likely, due to the bulky nature of the substrate and the conformational freedom at ␣-carbons of both tyrosine ends in cYY. The as-isolated CYP121 contains two EPR resonance components in the lowspin region: an outer component, species A, and an inner component, species B, with smaller g-anisotropy (Fig. 2B ). Species B increases in intensity upon binding of the substrate at the expense of species A. Whereas the UV-visible spectra of CYP121 demonstrate typical type I binding of cYY with a low-spin to high-spin transition, this conversion does not appear to be complete even under saturating cYY concentrations. In EPR experiments, the ratio of the low-spin to high-spin transition of the enzyme-substrate complex appears to be dependent on freezing speed, with faster freezing producing more high-spin heme signal (data not shown), suggesting that a dynamic equilibrium exists between the two spin states.
Mechanistic implications
The ability of CYP121 to react with a hydrogen peroxide analogue (i.e. peracetic acid) was studied to understand the heme-based oxidant behind the unusual intramolecular C-C coupling reaction chemistry carried out by this enzyme. As an established strategy, peracids have been utilized in place of hydrogen peroxide in the catalytic shunt pathway to generate and characterize high-valent ferryl species to probe P450 reaction mechanisms (39, 40) . The advantage of using a peracid is that it has an active leaving group, which helps to promote heterolytic cleavage of the O-O bond to generate an oxoferryl porphyrin cation radical (known as compound I) in P450 systems (41) . Here, we show that peracetic acid could react with the heme center of CYP121 to produce the C-C bond coupling product mycocyclosin. Based on the shunt pathway illustrated in Fig. 1, either a ferric for several decades until recent characterization of the thermophilic P450 CYP119 at 4°C through the catalytic shut reaction using an organic peroxide (42) . The understanding of C-C bond coupling of cYY has stagnated for lack of a detectable intermediate in the typical catalytic reaction with O 2 and the ferredoxin system (11, 13-15, 19, 43, 44) . The slow formation of an active intermediate from the alkylperoxo and its rapid reaction with cYY is the most likely reason for its lack of spectroscopic detection.
The investigation of the peroxide shunt pathway carries several mechanistic implications for understanding the CYP121mediated C-C bond formation. We established the shunt pathway in the CYP121 reaction, which often suggests the involvement of a high-valent ferryl species in the catalytic cycle. A key mechanistic difference between CYP121 and other P450 enzymes is that CYP121 does not perform a hydroxylation reaction on cYY (19) , and thus the quintessential radical-rebound mechanism found in traditional P450 mechanisms does not apply in the C-C bond formation reaction (45) .
Our LC-MS analysis confirmed the cYY-to-mycocyclosin conversion. However, this reaction is limited to only a few turnovers, presumably due to complications of enzyme damage from PAA. When monitored by EPR spectroscopy, the reaction of the ES complex with PAA shows that the low-spin heme signal nearly disappears, and a new high-spin intermediate was formed with subsequent slow conversion to an EPR-silent heme species and an organic radical. This high-spin intermediate is different from traditional P450 high-spin systems that are characterized with g-values at 8, 4, and 1.7 (46) .
The most plausible candidate for the rapid and nearly full production of the high-spin ferric intermediate from the ES complex reaction with PAA is an alkylperoxo (i.e. a side-on Ac-O-O-Fe(III) intermediate). Typically, ferric hydroperoxo species in heme-based systems are present at the low-spin state, and ferric alkylperoxo is less studied. High-spin, peroxo-bound species have been reported in the study of ferric peroxide complex (47) , binuclear cytochrome c oxidase mimics (48, 49) , iron complexes with tetra-and pentadentate ligands, and a superoxide reductase mutant with four equatorial histidines and an axial cysteine (50 -52) . The high-spin state is probably due to the side-on geometry of the peroxo moiety to the iron ion (heptacoordinate) or dianionic (strong -base) O 2 2Ϫ ligand causing weakening of the other axial ligand. It has been known through model complex studies that the spin state of the ferricalkylperoxo complexes is important for the reactivity. The high-spin state in the nonheme complex presents a barrier for homolytic cleavage of the O-O bond relative to the low-spin complex (53) . How the spin state effects the heterolytic cleavage of the O-O bond remains unexplored. The electronic structure of the high-spin ferric intermediate found in CYP121 and corresponding model complexes, once available, deserves further characterizations in subsequent studies.
The peroxide shunt study and our finding of the peroxidase activity of CYP121 provide insights into the mechanism of action for this unusual P450 enzyme. Taken together, we were able to put forth plausible catalytic mechanisms for the C-C bond coupling by the P450 enzyme. Fig. 11 (A and B) illustrates that the compound I intermediate is the likely oxidizing species.
It can perform hydrogen atom abstraction on the hydroxyl group of the cYY proximal tyrosine, generating a protonated compound II and a cYY radical. Likewise, two subsequent pathways could take place. The reaction proceeds via an electron tunneling or hopping step to generate a cation radical and phenolate species (Fig. 11A) . A second hydrogen atom abstraction at the ortho position by the protonated compound II will generate the second radical on cYY. The two radicals of opposite charge on cYY would be expected to combine rapidly to give rise to a new C-C bond. Finally, deprotonation of the distal tyrosine by the phenolate will re-aromatize the final product. In Fig. 10B , we propose an initial intramolecular proton-coupled electron transfer step to migrate the single radical to the distal tyrosine moiety. The protonated compound II then abstracts a hydrogen atom from the hydroxyl moiety of the proximal tyrosine. The two phenoxyl radicals are delocalized on the aromatic ring system, allowing for the diradical to combine and form the C-C bond. The resulting diketone group can tautomerize to generate mycocyclosin. Because no substrate-based radical intermediate was observed, we therefore assume that the catalytic chemistry is fast and not rate-limiting.
Our current understanding of the PAA-based CYP121 shunt mechanisms shown in Fig. 11 (A and B) is consistent with all of the observations obtained so far. In the PAA reaction, heterolytic cleavage of the alkylperoxo will be expected to yield a compound I oxidant for the subsequent oxidation reactions. The production of compound I is expected to be rate-limiting based on our stopped-flow and RFQ-EPR data. Additionally, the observation of a species consistent with protonated compound II also supports mechanisms A and B in Fig. 10 .
Although compound I is probably the oxidant, our data cannot conclusively eliminate the possibility that the Ac-O-O-Fe(III) intermediate oxidizes cYY directly. If so, an oxoferryl species and a substrate-based radical species that is electronically equivalent to compound I will be generated. After this initial phase, two possible diverging mechanisms for the formation of a second substrate radical and subsequent C-C bond formation are proposed (Fig. 11, C and D) . The first is a direct electron tunneling or electron/hole hopping via a protein residue to share the radical character with the remote tyrosine moiety (54 -56) . Subsequent oxidation of the proximal tyrosine generates a second radical for radical-radical coupling reactions ( Fig. 11C ). An alternative proposal is proton-coupled electron transfer (57) (58) (59) (60) . In contrast to the above model, the highvalent iron intermediate will oxidize the hydroxyl group of the closer tyrosine again, yielding a diradical species on the cYY for a rapid C-C bond coupling (Fig. 11D ). In this model, an intranuclear tautomerization reaction must take place to produce the final product, mycocyclosin.
Conclusions
In summary, we have studied substrate binding kinetics and characterized the reactivity of CYP121 toward cYY and peracetic acid, an exogenous oxidant that bypasses the need to provide electrons through an exogenous reductase system. Iodosylbenzene was also employed as an oxidant of the reaction to support the catalytic competence of a putative compound I species in CYP121. Furthermore, CYP121 was shown to be able to per-form peroxidase chemistry, generating substrate-based radicals. Together, we demonstrate that CYP121 can utilize the well-described shunt pathway of other P450 enzymes to generate the cross-linked product mycocyclosin from the cYY sub-strate. The formation of the postulated compound I is ratelimiting, whereas all of the subsequent chemical steps are rapid. With these advances, we propose four detailed catalytic mechanisms for future investigations. A and B) , and the bottom two using the peroxo intermediate as the active oxidant (C and D). In each case, two pathways are proposed for the formation of a second radical and subsequent C-C bond formation.
Experimental procedures
Expression and purification
The CYP121 gene rv2276 was synthesized using an outsourced gene synthesis company, GenScript. The gene sequence encoding CYP121 was cloned into vector pET28a-TEV and expressed in E. coli strain BL21 (DE3). Conditions used for expression of a CYP121 protein with heme incorporation were incubation at 37°C under kanamycin selection with constant agitation at 220 rpm until a value of 0.6 A 600 is reached. Immediately before induction, the cells were inoculated with 5-aminolevulinic acid and ammonium iron(II) sulfate to a final concentration of 300 and 35 M, respectively. The cells were then induced with a final concentration of 400 M IPTG and left to continue shaking overnight at a reduced temperature, 28°C. Cells were harvested the next morning by centrifugation and stored at Ϫ80°C until further use.
Before purification, cultured cell pellets were resuspended in lysis buffer (50 mM potassium phosphate, pH 8.0, 300 mM NaCl) and passed through an LS-20 cell disruptor (Microfluidics) to lyse cells. The resulting suspension was centrifuged, and the supernatant was collected. Clarified cell extract was applied to a nickel-nitrilotriacetic acid affinity chromatography column, and bound protein was eluted using elution buffer (50 mM potassium phosphate, pH 8.0, 300 mM NaCl, 500 mM imidazole). Fractions were collected during purification and pooled together; the sample was then buffer-exchanged into 50 mM Tris-HCl, pH 7.4, 5% glycerol buffer. The purified protein was flash-frozen in liquid nitrogen and stored in Ϫ80°C until required.
Pre-steady-state kinetics with cYY
Stopped-flow studies were carried out in single kinetic traces and multiwavelength data sets on an Applied Photophysics SX20 stopped-flow system. The assay conditions were 5-25 M CYP121 and varied concentrations of each oxidant, from 0.1 to 20.0 mM. Assays with cYY used a constant 400 M concentration of substrate. The stock solution of cYY was made in dimethyl sulfoxide, and a desired amount of the solution was incubated with CYP121 prior to the kinetics experiments (14) . The experiments were carried out at room temperature in 50 mM Tris-HCl, pH 7.4, buffer, and dimethyl sulfoxide was less than 2% (v/v).
Rapid freeze-quench EPR spectroscopy
Rapid freeze-quench experiments were carried out using a System 1000 chemical/freeze-quench apparatus made by Update Instruments, Inc. A typical freeze-quench set-up consisted of a liquid ethane bath at Ϫ130°C. Reactions were carried out by mixing 500 M CYP121 or the enzyme-substrate complex in a 1:1 ratio with 2-10 mM PAA. The reaction was carried out at room temperature in 50 mM Tris-HCl, pH 7.4, buffer. The reaction mixture was rapidly frozen in liquid ethane after reacting for different time intervals. The frozen samples were transferred into EPR tubes, and excess liquid ethane was vacuumed off. Quenched samples were stored in a liquid nitrogen Dewar before analysis.
EPR spectra were recording at 9.6-GHz microwave frequency with a Bruker E560 EPR spectrometer with a dual-mode resonator at 100-kHz modulation frequency. The temperature was maintained at 10 K by a cryogen-free 4 K temperature system. Frozen sample solutions were analyzed in 4-mm quartz EPR tubes.
LC-MS analyses
A typical assay experiment was performed using 20 -30 M CYP121, 40 M cYY, and 10 eq of oxidant relative to the enzyme. The assay was carried out in 5 mM Tris-HCl buffer, pH 7.4. Oxidant was titrated over 10 additions on ice with 1-min intervals between each addition to avoid pronounced peroxide damage to the enzyme. After 10-min reactions, the final sample was centrifuged for 15 min using an Amicon Ultra centrifugal filter with a 10-kDa cut-off. Chromatographic separations and mass spectrometry analyses were performed on an Acquity UPLC system directly coupled to a triple-quadrupole detector (Waters Corp.). For chromatography, solvent A was an aqueous solution containing H 2 O plus 0.1% formic acid, whereas solvent B was acetonitrile plus 0.1% FA. Separation was achieved at a flow rate of 0.2 ml/min using a Synergy 4u Fusion-RP 80A column (50 ϫ 2.00 mm, C18, 4-m particle size) from Phenomenex. For each analysis, 5 l of sample was injected onto the column. Mass spectra for full scans and selected-ion monitoring were acquired in negative ionization mode in the range 100 Յ m/z Յ 1000. Capillary, cone, and extraction potentials were maintained at 3.5, 35, and 3 V, respectively. The source block temperature was 120°C, and the desolvation temperature was 250°C. The cone gas flow rate was 50 liters/h. Product detection was performed by selected-ion monitoring in which the quadrupole was used to filter for the substrate (325.1 m/z) and the product (323.1 m/z).
Peroxidase activity assay
Using ABTS as substrate, we tested the ability of CYP121 to generate substrate-based radicals. A representative assay shown in Fig. 10A was conducted using an Agilent 8453 UVvisible spectrometer. The steady-state kinetic analyses were performed with single-wavelength traces monitored at 420 nm for formation of ABTS . ϩ using an Applied Photophysics SX20 stopped-flow spectrometer (Leatherhead, UK). The assay conditions for the determination of kinetic parameters were 100 nM CYP121, 2 mM ABTS, and the concentration of PAA was varied between 0.02 and 5 mM. The concentration of ABTS radical formed during the reaction was determined using ⑀ 420 36,000 M Ϫ1 cm Ϫ1 (61). The experiments were performed at room temperature in 50 mM Tris-HCl, pH 7.4, buffer.
